This is a general review of anomalous resistivity with emphasis on its applicability in space and more specifically on ionospheric plasmas. It is addressed to the general ionospheric community rather than the specialist. Therefore a substantial amount of rigor has been sacrificed in favor of simplified physical pictures. However, several prescriptions are presented, on the basis of which one can compute the anomalous resistivity resulting from each specific mechanism. Following a conceptual discussion of resistivity a general formalism is presented for its computation on the basis of the spectrum of electric field fluctuations. On the basis of this it is shown that stable nonthermal plasmas can at most enhance resistivity by a few percent. The same is true for collisionally driven instabilities. From the current-driven instabilities, only the ion acoustic instability can produce a steady state anomalous resistivity. The rest result in transient resistivity and the appearance of hot electron or ion spots. A more satisfying picture emerges when the low-frequency turbulence that produces resistivity is excited parametrically by a highfrequency instability. The case where such a driver arises from the interaction of precipitating electrons is discussed in detail. Finally, the relevance of the various resistivity mechanisms and their importance in ionospheric electron acceleration is discussed. Although a large number of physical notions are well understood, the efforts toward their incorporation into a gross modeling picture remain embarrassingIv small.
pute it, and what is its relationship to the classical? What processes can produce it? What are the implications and the relevance of the various mechanisms with respect to ionospheric plasmas and substorm related phenomena? All these points are not independent, and so we will consider pieces of them concurrently and simultaneously.
The review divides itself into several parts. In section 3 we introduce the notions connected with the classical (collisional) resistivity of a plasma. In section 4 we introduce the concept of anomalous resistivity and outline the way in which it can be computed. In section 5 we review the current-driven instabilities and examine the type and values of anomalous resistivity that they produce. In section 6 we examine the possibility of anomalous resistivity when the bulk electron current is stable. In section 7 we examine some of the observable consequences of anomalous resistivitylike production of runaway electrons. Section 8 differs somewhat from ,the mainstream of the paper, which emphasizes the theoretical plasma physics notions involved in the problem of anomalous resistivity. For the sake of completeness, we list there some of the main ionospheric and magnetospheric observations related to anomalous resistance as well as some of the theoretical papers •hich clarify its role in the ionospheric-magnetospheric coupling. In the final section we examine the importance of the previously discussed processes with respect to the ionosphere and substorm observations. We should mention that the paper deals with anomalous resistivity due to collective plasma interactions and does not consider stationary laminar structures such as double layers [Block, 1975] 
It is interesting to note that under the above condition (VD --< Ve) the collision frequency of (7) becomes
•, • •[we(ln A/A)
Equation (9) indicates the connection of the collisional time scale due to the discreteness of particles to the collective time scale we in terms of the plasma parameter A. However, some serious complications appear when the drift velocity exceeds the thermal velocity of the plasma (VD > Ve). When VD < Ve, the friction force F = •'mVa • VD/Ve • increases with the drift velocity, and a steady state like the one given by (2) can be achieved. In the opposite regime (Ve < VD), F • I•mVa '" I/VD:, i.e., decreases with directed velocity. This behavior is graphically shown in Figure 1 . Under such conditions a steady state cannot be achieved, and the electron population runs away. We can therefore determine the maximum permissible electric field in a plasma under steady state conditions. This field is called the runaway or Dreicer field Eo, and its value as found from (2) and (7) with v • Ve is given by Eo = (e/?,o:)In A (10)
This conclusion, however, appears to contradict the experimental observations which do not indicate runaway behavior for electric fields substantially larger than ED. This fact can be explained only if the resistivity was substantially larger than that computed previously, and it has led to an extensive research for the causes of the larger resistivity, commonly called anomalous resistivity. This will be the subject of the subsequent sections. There is one more interesting phenomenon that can be presented within the same simplified framework of the resistivity. As was shown above (Figure 1) , the friction force is a function of velocity. The calculation of the runaway field ED was done within a fluid framework which characterizes the electrons by two variables VD and Ve. H owevet, since in reality the electrons are distributed around Ve, there will be a number of fast particles that will run away even for E < ED. Given the electron distribution ft, nction, we can compute the number of runaways. The velocity Vr above which runaway occurs for a given E < ED as found from (6) and (10) is
For a Maxwellian distribution a rough estimate of the fraction of the runaway particles is given by l exp( leo)
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As we will see in a later section, such an effect can have a profound influence on the plasma resistivity because the runaways can form electron beams which can produce plasma waves, thereby influencing the plasma conductivity.
GENERAL FORMULATION OF RESISTIVITY
We commented in the previous section on the problems encountered when the electric field exceeds the runaway field ED. The resolution of this problem lies in the fact that when the electron velocity relative to the ions exceeds some threshold value whose upper value is Ve, plasma collective effects become important. The plasma becomes unstable to the generation of electrostatic waves which grow at the expense of electron kinetic energy. The electrons subsequently collide not only with the fields of individual ions but with these growing self-consistent fields. The scattering of the elec•trons by these fields shows up as an additional momentum loss. Physically, the instability spatially correlates the ions by bunching them so that the colliding electrons see an effective charge to mass ratio much larger than e:/M.
The question that we will try to answer in this section is this: Given the state of turbulence of a plasma, what are the resistivity and the heating rates of the electrons and ions? The turbulence of course is excited by some instability, and its characteristic spectrum will depend on the particular instability mechanism. Determination of the stabilized turbulence spectrum for the various relevant mechanisms will be the subject of the next section. In this section we assume that the turbulent spectrum is given, and we determine the resistivity as a function of the correlation functions. Of the various approaches developed in the last few years [Hasegawa, 1974 [Hasegawa, , 1975 We again follow a fluidlike description of the electrons and ions, which implies that our variables are the relative drift velocity VD and abe electron and ion temperatures Te, Tt (or equivalently l/e, Vt). The transport equations for these quantities, which can be found by taking the first and second moment of the kinetic equations in velocity space, involve only the density correlation functions among the species. For a uniform system with temporal variation the two time correlation functions, (nt(r, t)nj(r', t')), depend not only on r -r' and t -t' but also on the average time (t + t')/2. By assuming the latter dependence to be much slower than t -t' we can carry out the Fourier transformation of the correlation functions with respect to r -r' and t -t' as (nt(r, t)nj(r', t')) = expf(2dk) (k, co; t+ t'
:) 
which is similar to the result found in section 3.
The remaining contribution due to the second term of (32) is due to the collective interactions (k• (1). It is interesting to examine whether these contributions can produce any significant enhancements for the case of a stable plasma with a drift velocity approaching the threshold velocity for instability. The general problem is very complex, although the physical interpretation of the results is rather simple. We present here a and produce anomalous resistivity [Hirshfield, 1973] . In this section we derived the relevant transport equations in the presence of an electric field (equations (14)- (16) (24) and (25)) as a function of the turbulence spectrum and the particle distribution function. It was shown that for stable plasmas we can recover the results of section 3 and that critical fluctuations cannot provide more than a few percent increase in the plasma resistance.
ANOMALOUS RESISTIVITY DUE TO CURRENT-DRIVEN

INSTABILITIES
It was shown in the previous section that a stable plasma, even if it approaches from below the limit of being marginally unstable, cannot have any significant enhancement of its resistivity. In view of this we turn our attention here to the possibility of anomalous resistivity in an unstable plasma. From the form of (21) • t. In particular, the electron distribution function remains self-similar. (3) Vo • Ve to a high degree of accuracy apart •from oscillations that they both perform about each other.
It is therefore inappropriate to attrit, ute steady state anomalous resistivity effects to a Buneman instability. One of the puzzling features of the above observations is the fact that even in cases where the electron acceleration rate is much smaller than the growth rate of the ion acoustic instability and Te/Tt >> 1, no ion acoustic instability was observed in the simulations. The explanation of this was that a small ion tail was formed at the acoustic speed during the Buneman stage, as can be seen from the simulations of Davidson et al. [1970] . Ion Landau damping in the tail stabilized the ion acoustic modes despite the fact that Vo >> Cs and Te/Tt >> 1. All the above studies were one-dimensional. Two-dimensional simulations performed by Lampe et al. [1974] revealed that the ion tail cannot stabilize the off-angle modes of the ion acoustic instability and the Buneman instability evolves to an ion sound instability if its threshold, which will be discussed below, is exceeded. We should note that for the Buneman instability, one-dimensional behavior is expected for fie > co•. In summary, we conclude that Buneman instability cannot provide steady state anomalous resistivity and prevent runaway in one-dimensional systems (fl, > We), while in multidimensional systems the steady state resistivity will be due to the ion acoustic instability. This is discussed next.
Ion A coustic Instability
This is probably the most controversial instability with respect to its nonlinear behavior. Its linear theory is rather simple. In some sense it is a continuation of the Buneman instability when the drift velocity Vo becomes smaller than the electron thermal velocity. In this case it becomes important to consider kinetic effects, since the conditions for hydrodynamic instability, i.e., Vt < (m/M)x/2Vo and V e < VD, are violated. A general form of instabilities that arise in an electron-ion plasma in which there is a relative drift is shown in A variation of this theory is the renormalized weak turbulence theory advanced by Tsytovich [1971 Tsytovich [ , 1972 . He noted that although the spectrum of ion sound oscillations is a nondecay one, in the region of low wave numbers, the threewave resonance interaction condition can be met if the theory is renormalized to consider the effect of the short correlation time in the presence of finite amplitude ion waves (i.e., nonlinear line broadening). H e then utilized this to allow for threeway resonance in the kinetic equation for waves as a nonlinear term to achieve saturation. With the exception of the Tt/Te dependence the stabilized spectrum is similar to the Kadomtsev spectrum, while the resistivity has a somewhat larger value than the one given by Kadomtsev. This theory has been criticized [Sagdeev, 1974] as lacking a region of applicability because it applies to wave numbers kXD << 1, while the dominant spectrum of ion sound is around kXD • 1. , who compare the various theories with particle simulations. We should mention also some attempts at self-similar solutions of the ion acoustic instability in the spirit of the ones given for the Bunelan instability, which, however, presented more problems than the ones they solved [Sagdeer, 1974] .
Before concluding this section we should note that with respect to the ion sound instability the condition Tt/Te< 1 should always be satisfied, because otherwise the ions will acquire larger temperatures than the electrons leading to violation of condition (4lb) and premature damping of the waves. In this case the instability will result in a hot ion spot rather than steady state resistivity. On the basis of (22) (48) (52) is proportional to T?/•', we expect that the ion heating will increase the critical velocity so as to bring the system to stability, at which point the instability will shut off and the turbulence and heating rates will be greatly reduced. Experimental evidence in support of this view has been provided by Kelley et al. [1975b] . In conclusion, we expect the ion cylotron instability to produce a local hot ion spot and shut off. With respect to anomalous resistivity we expect a situation similar to that in the Buneman instability, namely, a temporary increase but not any significant steady state enhancement.
Collisional Instabilities
In the previous parts of this section we considered currentdriven instabilities for a collisionless plasma. It is well known [Mikhalovskii, 1974] that for weakly ionized plasmas, currentdriven collisional (or dissipative) instabilities can be excited [Self, 1970; Coppi and Mazzucato, 1971] . In this case, electronneutral or electron-ion collisions drive the instability, while ion-neutral collisions can damp them. There are experimental observations of large bn/n • 0.9 due to collisional ion acoustic waves [Karatzas et al., 1975] . Such collisional modes are expected to be present below 1000-km altitudes in the ionosphere [Hudson, 1975; Mozer, 1975] . It is therefore important to determine whether they can produce anomalous resistance. As we noted in section 3, the presence of a linear instability does not warrant any significant additional resistivity, and a nonlinear analysis should be performed before any reliable conclusions can be extracted. However, for the particular case of collisional waves, some general upper bounds can be derived. 
ANOMALOUS RESISTIVITY IN PLASMAS STABLE TO CURRENT-DRIVEN INSTABILITIES
As was seen in the previous section, one of the basic problems in determining a current-driven instability mechanism that can provide anomalous resistance in the ionospheric plasma is the fact that unrealistically high currents are required to excite ion sound under conditions where Te • Tt, and even then, we might end up with a hot spot and only (21 )- (25)), the key to obtaining anomalous resistance is the presence of a nonthermal spectrum of low-frequency density fluctuations which can efficiently scatter the drifting electrons. For the processes discussed in section 5 this spectrum was driven by the currents themselves. However, as Papadopoulos and Coffey [1974a, b] noted, if such a spectrum could be generated and sustained by some process independent of the electron current, the drifting electrons will see an increased friction [Dupree, 1970; Hui and Dupree, 1975] . At this point they turned their attention to how such a spectrum could be created in the ionospheric plasma. They noted that a large amount of the available free energy resides in the fast (5-20 keV) precipitating electron streams which are unstable to high-frequency waves (plasma waves, whistler waves, etc.). However, since these waves have phase velocities much larger than the drifting electrons, typically around the velocity of the precipitating particles, they cannot provide any enhanced resistance. At this This value is then between 4 and 5 orders of magnitude larger than the collisional value. A detailed paper with respect to the above results is in preparation. There are two additional points that should be made in this section. The first concerns the selfconsistency of the above model. Namely, since, given an anomalous resistivity, runaway electrons can form the beams necessary to produce it, the only requirement is that an electron beam with Vo > 10V, exist at some time. The system will then self-consistently produce runaways while the bulk of the electrons see anomalous resistance. We will expand on this in the next section. The second point is that any other highfrequency waves such as whistler or electromagnetic waves can be the cause for the excitations of the density fluctuations and the anomalous resistance. However, at the present time this possibility has not been discussed.
We should mention that the above novel notions on anomalous resistivity are connected with the problem of strong Langmuir turbulence theory, a subject of extremely active research today. Our estimates on resistivity are based on weak plasma turbulence theory as far as the electron-ion wave interaction is concerned. These estimates will be accurate only as long as [1/(kXo) •] (fin/n): < 1, which is the condition of validity of weak turbulence theory for the low-frequency modes. Since this is in general obeyed in the ionosphere, we will not proceed to the strong turbulence theory estimates of anomalous resistivity, a rather controversial subject at the present time.
PRODUCTION OF RUNAWAYS
Having reviewed the various mechanisms and the type of anomalous resistivity that they produce, we proceed next to discuss some of their observational consequences. High on this list is the problem of electron acceleration. We try to examine below the conditions under which the presence of anomalous resistivity can accelerate particles. At first, it seems peculiar that by increasing the friction force we can accelerate particles. This paradox can be resolved in a similar fashion as in section 3. Namely, one should consider the dependence of the collision frequency on the particle velocity. For Coulomb collisions it was shown to have a v -3 dependence. On the basis of this it was concluded that while particles with velocities below Vr given by (10) experience large friction, particles with v > Vr can be accelerated. These particles are usually called runaways. In determining the runaway processes in the presence of anomalous resistivity the key question concerns the dependence of the anomalous collision frequency on the particle velocity. In a plasma with developed turbulence the fast electrons are acted upon by a force due to the induced Cerenkov effect which leads to quasi-elastic scattering with respect to angles. The collision frequency can be found to be [Rudakov, 1971; Kaplan and Tsytovich, 1973] ,,*(v) = ,,* Since, as can be inferred from particle flux measurements, large drift velocities are expected to occur at very high altitudes [Kindel and Kennel, 1971; Mozer, 1975] , we expect the initial formation of the runaway streams, whether it is due to anomalous resistance or to magnetospheric particle injection, to occur at altitudes higher than 10,000 km. However, once streams with energies larger than 10 times the ambient temperature (•30-100 eV) are formed, they can be accelerated continuously till they precipitate. This can occur in a completely self-consistent manner, since as discussed in section 5, the stream parametrically creates anomalous resistivity which allows for the existence of electric fields much larger than Eo. These fields can accelerate the fast electrons freely while the force on the bulk of the electrons is balanced by the anomalously high friction. In this model, since the ambient currents can be rather small, the amount of heat generated in situ can be easily transported away.
The above comments apply basically to situations where Vo < Ve. In the opposite case (V o > Ve) , (60) predicts that essentially all the electrons are running away. As was noted in section 5, this was seen in one-dimensional particle simulations despite the fact that Buneman instability developed. The effect of the instability was to transfer half of the available energy into random electron energy, thereby creating hot electron spots. Such spots can of course subsequently create fast electron streams due to thermal expansion. In this way they can provide the initial streams which can subsequently be accelera- electrostatic shocks or double layers arises. Since this topic lies outside the scope of the present paper, we refer the interested reader to a recent review by Block [1975] (see also Block [1972] ). We only point out here that the necessary condition for double-layer formation is similar to the condition for Buneman instability and therefore very large drifts are required (Vo >> Ve). Again, if the result of the double layer is a formation of a beam, it can subsequently be accelerated in a similar fashion as above. For two-dimensional situations (We > f•e) the Buneman instability goes into an ion acoustic instability if the temperature ratio Te/T• allows it.
Before concluding this section we briefly discuss some other observables that result from acceleration in the presence of anomalous resistance. As mentioned at the beginning, any further commentary on the above topics lies beyond the scope of the present review.
DISCUSSION AND CONCLUSIONS
In this review we have remained within the philosophy that essentially exhibits the important physical p¾ocesses and their consequences as simply as possible. Within that domain we have often had to sacrifice mathematical rigor in the interest of physical understanding. Moreover, we have also often sacrificed detailed and more realistic models of the processes involved so that the physics could more readily be seen. In this spirit we have ignored convective effects due the finite size of the current-carrying regions, an assumption easily justified in almost all situations of interest, with the exception of artificial injection experiments. Thus our main motivation has been to draw forth the basic physical ideas by using the most simplistic situations that we could find.
On the basis of such a framework we have examined the importance of various mechanisms capable of producing anomalous resistivity in the ionospheric plasma and their consequences. These can be broadly subdivided into resistivity produced by instabilities driven by a bulk current and resistivity in a plasma with a stable current.
Current-Driven Instabilities
It was shown that the existence of current-driven instabilities does not guarantee the appearance of a steady state anomalous resistivity. In addition to a positive answer as to whether the system is linearly unstable to the electron current, one should find the nonlinear limit of the excited waves and then answer the question of whether the anomalous friction and heating rates allow the system to remain in the unstable region. Only if the answer to this question is positive should one accept the linear mechanism as producing anomalous resistivity. On the basis of the above we pointed out that of the various current-driven instabilities, only the ion acoustic instability when the condition given by (48) is satisfied can account for steady state anomalous resistance. Ion cyclotron and ion acoustic instabilities if the condition of (48) is violated can produce on•ly local ion hot spots and transient resistivity spikes. This is because the electron heating rate is smaller than the ion heating rate, and unless some very fast ion cooling process operates the instability, conditions are quickly violated and the waves damp out. It was also shown that instabilities driven by collisions cannot enhance the collision frequency even if fn/n • 1. This is because most of the fluctuation energy is in the form of wave energy rather than field energy, which affects the particle orbits. On the basis of these it was concluded that current-driven instabilities can produce resistivity only at very large altitudes where Vo can approach the electron thermal velocity. In addition, under such circumstances a large number of runaways can be produced which can form local electron streams. Such low-energy local streams can also be created by electron heating or double-layer formation at high altitudes, when the conditions for the Buneman instability are satisfied. In concluding, we wish to point out that the situations considered here by no means encompass all aspects of the problem. They represent what we believe to be the current state of the art, and as such they unavoidably represent our own biases. What we believe is needed next is comprehensive numerical study in which the theories discussed above will be included in a realistic model with gradients, boundary conditions, and multispecies ions in a fashion similar to the numerical models of Fedder [1976] . Such a program should be guided and coordinated by in situ measurements of density fluctuation spectra correlated with measurements of field-aligned currents, energy spectra of energetic electrons, and if possible parallel electric fields. The importance of carrying similar measurements with a mother-daughter mission cannot be overestimated. We believe that this type of combined experimental and theoretical study properly coordinated from the planning stage till its completion can contribute significantly toward the resolution of the important problems of the auroral plasma. 
Instabilities in a Plasma
